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Ground-based observational methods provide key insights into mixed-phase cloud

macrophysical, microphysical, radiative, and dynamical properties, although

significant deficiencies still exist.

he atmospheric radiation balance and hydro-
logical cycle are intimately tied to clouds, and are
particularly sensitive to the partitioning of cloud
phase. Hydrometeors in liquid and ice phases typical-
ly occur in different sizes and shapes, nucleate under
distinct conditions, grow and evaporate at differing

AFFILIATIONS: SHure—Cooperative Institute for Research

in Environmental Science, and NOAA/Earth Science Research
Laboratory, Boulder, Colorado; DaNIEL—NOAA/Earth

Science Research Laboratory, Boulder, Colorado; be Boer

AND ELoRANTA—University of Wisconsin—Madison, Madison,
Wisconsin; KoLLias AND Luke—Brookhaven National Laboratory,
Upton, New York; Long—Pacific Northwest National
Laboratory, Richland, Washington; TURNER—Space Science

and Engineering Center, University of Wisconsin—Madison,
Madison, Wisconsin; VERLINDE—The Pennsylvania State University,
University Park, Pennsylvania

CORRESPONDING AUTHOR: Matthew Shupe, R/PSD3,

325 Broadway, Boulder, CO 80305

E-mail: matthew.shupe @noaa.gov

The abstract for this article can be found in this issue, following the
table of contents.
DOI:10.1175/2008BAMS2378.1

In final form 28 April 2008
©2008 American Meteorological Society

AMERICAN METEOROLOGICAL SOCIETY

rates, and fall at unique speeds (e.g., Pruppacher and
Klett 1978). All of these properties profoundly impact
the total cross-sectional and surface areas of hydro-
meteors in each phase, influencing their interaction
with atmospheric radiation and the efficiency with
which they grow to precipitation sizes.

The complex, three-way interaction between vapor,
liquid, and ice in one cloud system that is unique to
mixed-phase clouds' makes their structure and phase
partitioning particularly difficult, yet important, to
model correctly (Sun and Shine 1994; Gregory and
Morris 1996). Recent observations have documented
mixed-phase clouds in all seasons, under a variety of
conditions, and in many locations worldwide. A great
deal of focus has been on Arctic mixed-phase cloud
observations (Rangno and Hobbs 1991; Pinto 1998;
Hobbs and Rangno 1998; Turner 2005; Zuidema et al.

! Here we define mixed-phase cloud as a complete cloud system
that contains both liquid and ice water in the vertical that
interact via microphysical processes. While it is not necessary
that all volumes in this system contain both phases, typically
the system does contain some truly mixed-phase volumes. For
example, in a case where ice crystals form in, and then fall out
of, a supercooled liquid water cloud, both the liquid and ice
regions are considered to be part of the mixed-phase system.
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2005). One study has indicated that mixed-phase
clouds occur approximately 40% of the time in the
western Arctic, most frequently during the spring and
fall transition seasons, and with a significant presence
in the cold and dark Arctic winter (Shupe et al. 2006).
In addition to the Arctic, mixed-phase clouds have
been observed in Europe (Hogan et al. 2003a; Field
et al. 2004), North America (Hobbs and Atkinson
1976; Rauber 1987; Heymsfield et al. 1991; Fleishauer
etal. 2002), Australia (Platt 1977), Antarctica (Lubin
2004), and Asia (Gayet et al. 2002). Multiphase con-
ditions are associated with frontal systems (Matejka
et al. 1980; Hogan et al. 2002; Korolev et al. 2003),
orography (Hobbs and Atkinson 1976; Rauber 1987;
Heymsfield and Miloshevich 1993), and air masses
containing African dust (Shupe et al. 2004), among
other conditions. In addition to their climatic sig-
nificance, supercooled liquid water in mixed-phase
clouds is responsible for hazardous aircraft icing (e.g.,
Cober et al. 2001).

To properly model these clouds, further observa-
tional information is needed regarding the condensed
mass and characteristic particle sizes of hydrometeors
in both liquid and ice phases. For this reason, we
assess the state-of-the-art, surface-based measure-
ments and methods for characterizing mixed-phase
cloud macrophysical, microphysical, radiative, and
dynamical properties. The discussion here employs

examples of single-layer Arctic stratiform mixed-
phase clouds, which are one of the simplest mixed-
phase cloud forms. Mixed-phase conditions associ-
ated with either deep convection or the melting of
frozen precipitation are not considered here.

All observations used in this assessment were
made during the Mixed-Phase Arctic Clouds
Experiment (MPACE; Verlinde et al. 2007), which
took place during autumn 2004 at the Department of
Energy (DOE) Atmospheric Radiation Measurement
(ARM) Program’s North Slope of Alaska (NSA) site
in Barrow, Alaska. Verlinde et al. (2007) describe the
synoptic conditions under which these observations
were obtained. The NSA is well equipped with instru-
ments to measure most climatologically important
parameters of the atmospheric radiation system
and is similar to other atmospheric observatories
(Ackerman and Stokes 2003; Haeffelin et al. 2005;
lingworth et al. 2007). Instruments deployed during
MPACE that are used in the identification and/or
characterization of mixed-phase cloud macrophysi-
cal, microphysical, radiative, and dynamical proper-
ties are summarized in Table 1, while example mixed-
phase cloud measurements are displayed in Fig. 1.
These include time-height measurements from cloud
radar and lidar, and time series measurements of
either atmospheric brightness temperatures or fluxes
from a dual-channel microwave radiometer (MWR),

TaBLE |. Instruments for observing mixed-phase cloud properties during MPACE at the ARM North Slope
of Alaska site in Barrow, Alaska.

Instrument Specifications Measurements Reference

Doppler spectrum, reflectivity,
mean Doppler velocity, Doppler
spectrum width

Moran et al. (1998)
Kollias et al. (2007)

Millimeter Cloud
Radar (MMCR)

Frequency: 35 GHz, wavelength: 8 mm,
resolution: 45 m 4 s

Wavelength: 532 nm,

&
R resolution: 5+ m, 2+ s

Backscatter, depolarization ratio |Eloranta (2005)

Micropulse Lidar Wavelength: 523 nm,

Backscatter, depolarization ratio | Campbell et al. (2002)

(MPL) resolution: 30 m, <30 's
Ceilometer Wavelength: 905 nm, resolution: 15 m | Cloud-base height —
. - = Gt
AERI Wavelength: 3300400 cm™ 3-25 ym, Spectral radiance Knutseon et al. (2004a,b)

resolution: | cm™ 30's

Frequency: 23.8 GHz, 31.4 GHz,

Dual-channel MWR .
resolution: ~30 s

Brightness temperature Liliegren (1994)

Near-IR Wavele.ngth: 09-1.7 pm, Spectral radiance Daniel et al. (2006)
spectrometer® resolution: 4-5nm 2 s
Broadband Wavelength: 0.3-3 ym (SW), 4-50 pm

SW and LW flux Barnard and Long (2004)

radiometers (LW), resolution: | min

Temperature, wind, relative

Radiosonde humidity

Variable time and height resolution

* Guest instruments during the MPACE intensive observation period.
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the Atmospheric Emitted
Radiance Interferometer
(AERI), and broadband
shortwave (SW) and long-
wave (LW) radiometers
[please refer to Verlinde
et al. (2007) for a general
description of the NSA
instrumentation].

THE STATE OF OUR
ABILITIES. Specific cloud
retrieval methods for char-
acterizing mixed-phase
clouds are only briefly dis-
cussed here for the purpose
of illustrating our present
abilities. The reader is en-
couraged to pursue further
details regarding the appli-
cation and implementation
of individual methods in
the provided references. A
summary of the pertinent
cloud properties, their as-
sociated retrieval methods,
and the conditions under
which they are applicable
is given in Table 2.

Macrophysics and phase.
Perhaps the most successful
aspect of the mixed-phase
cloud characterization is of
the macrophysical proper-
ties, including the presence
and vertical location of
cloud layers of different
phases. Active sensing by
cloud radar and lidar pro-
vides robust and consistent
measurements of cloud
boundaries in most cases.
In addition, the combina-
tion of active and passive
sensors at multiple wave-

AR TR,

b) Radar Mean Doppler Velocity

Height [km, AGL]

d) Lidar Backscatter

e) Lidar Depolarization Ratio

40 f) MWR and AERI Brightness Temperatures

g~ 300 g) Broadband Radiative Fluxes EBO.'I.“
& 290 - 4% =
E 40E,
g 280 20%
270 - 0
12 14 16 18 20 22 24

Time [hours, UTC]

Fic. |. Measurements from 9 Oct 2004 at Barrow of (a) radar reflectivity, (b)
mean Doppler velocity, (c) Doppler spectrum width, (d) lidar backscatter
cross section, (e) depolarization ratio, (f) microwave radiometer brightness
temperatures at 23.8 (blue) and 31.4 (red) GHz and an infrared brightness
temperature at 900 cm™' from AERI (black, right ordinate), and (g) broadband
longwave (blue, left ordinate) and shortwave (red, right ordinate) radiation.
In (a)-(c) the cloud liquid base and top heights, from ceilometer and radar,
respectively, are included.

lengths yields a strong constraint on cloud phase and
its vertical distribution, which is an important precur-
sor to applying further cloud property retrievals.
Two classifications are highlighted here. The first
is a fixed-constraint, multisensor approach, which
exploits phase-specific signatures from radar, lidar,
MWR, and radiosonde measurements to discrimi-

AMERICAN METEOROLOGICAL SOCIETY

nate between phases (Shupe 2007). For example,
mixed-phase conditions usually require a subfreezing
temperature, a positive liquid water path (LWP), a
region of low lidar depolarization ratio (<0.1), which
indicates the presence of liquid water droplets, and a
region of high radar reflectivity (>-17 dBZ), which
indicates the presence of large ice particles. The
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second classification method is based solely on mea-
surements of the radar Doppler spectrum and uses
a trained neural network that associates cloud type
and phase with unique spectral signatures, such as
bimodalities and spectral skewness (Luke and Kollias

2007). Both methods identify single-layer Arctic
mixed phase stratiform clouds to be topped by a re-
gion of cloud liquid, within which ice crystals form
and fall, and an underlying layer of falling ice-phase
hydrometeors (Figs. 2a,b, and 4c). Remarkably, the

TaBLE 2. Mixed-phase cloud properties, instruments used in their derivation, references for pertinent
retrieval methods applied to mixed-phase clouds, and the conditions under which retrievals are applicable.
SZA is the solar zenith angle.

Property Instrument Method Conditions
Lgcatlon, bounfiarles, Radar, lidar, ceilometer Clothiaux et al. (2000) All
thickness, persistence
SR Radar—lidar—MWR-radiosonde | Shupe (2007) All

tificat
ase identiiication Doppler radar spectra Luke and Kollias (2007) All

Radar Shupe et al. (2006) Ice-containing clouds
Matrosov et al. (2002)
Lidar—radar Donovan and van Lammeren (2001) | Nonocculted, all-ice cloud volumes
Ice water content/path Wang and Sassen (2002)
Hogan et al. (2003a, 2006)
AERI Turner (2005) T < 6, ice-containing clouds
Near-IR Daniel et al. (2006) SZA ~<80°, ice-containing clouds
Radar Shupe et al. (2006) Ice-containing clouds
Lidar—radar Donovan and van Lammeren (2001) | Nonocculted, all-ice cloud volumes
Ice particle size Wang and Sassen (2002)
Hogan et al. (2003a, 2006)
AERI T < 6, ice-containing clouds

Turner (2005)

Liquid water content

Radiosonde, adiabatic

Doppler radar spectra

Zuidema et al. (2005)
Shupe et al. (2004)
Verlinde et al. (2007)

Stratiform, liquid-containing clouds
Mixed-phase cases with bimodal Doppler

spectra

Liquid water path

MWR

AERI

Near-IR
Radiosonde, adiabatic

Liljegren et al. (2001)
Turner et al. (2007)
Turner (2005, 2007)
Wang et al. (2004)
Daniel et al. (2006)
Zuidema et al. (2005)

Liquid-containing cloud scenes, except rain

LWP <50 g m™?, liquid-containing clouds

SZA ~<80°, liquid-containing clouds
Stratiform, liquid-containing clouds

Liquid droplet radius

AERI

Doppler radar spectra

Turner (2005)

Turner and Holz (2005)
Wang et al. (2004)
Shupe et al. (2004)
Verlinde et al. (2007)

LWP <50 g m™?, liquid-containing clouds

Mixed-phase cases with bimodal Doppler
spectra

AERI Turner (2005) LWP <50 g m™?, liquid-containing clouds
Near-IR Daniel et al. (2006) SZA ~<80°, liquid-containing clouds

Optical depth, liquid Portmann et al. (2001)
SW broadband Bernard and Long (2004) SZA <80° liquid-containing clouds
Radiosonde, adiabatic 7=L5LWPR™ Stratiform, liquid-containing clouds
AERI Turner (2005) T < 6, ice-containing clouds

Optical depth, ice Radar Matrosov et al. (2003) Ice-containing clouds

Hogan et al. (2003b)
. Lidar Eloranta (2005) Nonocculted cloud volumes

Optical depth, total -~

AERI Turner (2005) 7<6,LWP<50gm™

Vertical velocity

Doppler radar spectra

Shupe et al. (2004, 2008b)

Liquid-containing cloud volumes

Turbulent dissipation rate

Radar

Shupe et al. (2008b)

All
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Doppler radar spectra-only
method (Fig. 2b) is able to
accurately distinguish the
base of the cloud liquid in
spite of the dominant re-
sponse of radar reflectivity
to the larger ice particles
in mixed-phase clouds
(Figs. laand 5c¢).

Cloud ice microphysics.
Mixed-phase cloud micro-
physical characterization
is somewhat more difficult,
but a number of retrieval
methods exist for estimat-
ing some of these param-
eters. Vertical profiles and
layer-averaged ice particle
effective radius (R ) and ice
water content (IWC) can be
obtained from a combina-
tion of sources, including
radar, lidar, IR, and near-IR
measurements. Radar-based
retrievals are most widely
applicable because the radar
senses the full, vertically
resolved cloud column and
because the radar signal re-
sponds to particle size to the
sixth power, making it par-
ticularly useful for sensing
relatively large ice crystals.
This class of retrieval can
be based on simple radar
reflectivity power-law rela-
tions that have been tuned
to a specific region (Shupe
et al. 2006) or reflectivity
Doppler velocity retrievals
that capitalize on relation-
ships between fall speed
and particle size (Matrosov
etal. 2002; Mace et al. 2002).
Because lidar and radar sig-
nals are proportional to dif-
ferent powers of the particle
size distribution, the ratio of
lidar-to-radar backscatter

cross sections is another means for deriving profiles
of ice properties throughout the cloud depth observed
by lidar (Donovan and van Lammeren 2001), which is

AMERICAN METEOROLOGICAL SOCIETY

Height [km, AGL]

12 14 16 18 20 22 24
Time [hours, UTC]

Fic. 2. Retrieved, vertically resolved cloud properties for 9 Oct 2004 at
Barrow: (a) multisensor cloud phase classification, (b) Doppler radar spectra
cloud phase classification, (c) ice water content derived from radar, (d) ice
particle effective radius derived from radar, (e) adiabatic liquid water content
derived from radiosonde temperature profiles, lidar cloud base, radar cloud
top, and scaled to the microwave radiometer-derived liquid water path, (f)
extinction derived from a combination of adiabatic liquid water properties and
radar and lidar ice extinction, (g) vertical wind velocity derived from Doppler
radar spectra (positive values are upward), and (h) turbulent dissipation rate
derived from Doppler radar velocity. In each panel, the cloud liquid base and
top from ceilometer and radar, respectively, are included.

prone to occultation. Lidar-radar methods are particu-
larly useful in the optically thinner clouds that allow
for full lidar penetration.
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Radiatively constrained ice property retrievals
are available under certain conditions. Near-IR
wavelengths can be exploited to derive IWP during
daylight hours. Daniel et al. (2006) utilize scattered
sunlight between 0.9 and 1.7 ym to compute a path-
integrated ice water path (IWP), which represents
the amount of ice encountered by photons that are
scattered through the cloud layer and can be related
to a vertically normalized IWP using assumptions
about cloud micro- and macrophysical properties.
For optically thin clouds (LWP <50 g m™ or optical
depth 7 < 6), IR microwindows between 800-1200

and 400-600 cm™ observed by AERI are semitrans-
parent and contain information on cloud particles,
which can be exploited to provide a layer-averaged
ice particle size (Turner 2005).

Selected examples of these ice retrievals (Figs. 2¢,d,
3¢, and 4c) reveal the high variability of ice micro-
physical properties that is often found in Arctic strati-
form mixed-phase cloud layers. One signature feature
of these clouds is the pulse-like, or streaky, behavior
of the cloud ice, which largely results from cloud-
scale dynamics leading to pockets of ice formation or

enhancement. Figure 3¢ shows IWP varying in pulses
2

by more than 300 g m~

20 - a) 2 and Az over the course of 5 min. In
_ 15F : ol the vertical, IWC profiles
E, 1.0F

N 0.5 - Fic. 3. Retrieved time series
E Az, E cloud properties for 9 Oct

8 F ' N ] 2004: (a) cloud-top height and

—_ r total (liquid + ice) cloud thick-
& 400 N ness (red) and liquid layer
E 300 7 thickness (blue); (b) liquid
= water path derived from the
200 . . .

Pi microwave radiometer physi-
= 100 : cal and two statistical retriev-
808 [ MWR,,, MWR,, MWR,, NIR il als, near-IR measurements,

L c) 4 and an adiabatic assumption;
“,"_' 800 | - () ice water path from radar
g - and near-IR measurements;
oo 400 (d) the liquid fraction, defined
o i as the ratio of liquid water
= 200 path to total condensed water
8 h path, given as the range from

1.0 FyX all measurements (green) and

0.8 (R ! a possible best estimate (red);

(e) optical depth of cloud ice
from the radar and cloud
liquid from the near-IR, short-
wave radiation, and adiabatic
assumption; and (f) layer-
mean vertical wind velocity
from Doppler radar spectra
(positive values are upward).
The physical microwave LWP
retrieval is only performed at
sounding times. In (e), both
the near-IR and adiabatic
cloud liquid optical depths are
derived assuming a droplet

MWR,,&MMCR  Range I

1.0 -, MMCR,

0.4 . it N

Tm 1 effective radius of 10 yum. All
E E near-IR retrievals were lim-
‘—I_' 0 : ited to times of instrument
2 operation and daylight, and

= the broadband radiometric
-1 : + - : + : optical depth retrieval re-

12 14 16 18 20 22 24

quires a minimum solar zenith
Time [hours, UTC]

angle.
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reveal the characteristic
manner in which the ice
grows throughout the cloud
liquid layer but decreases
below the liquid cloud base
(e.g., Shupe et al. 2006,
2008a). Although there
is reasonable agreement
between these methods in
terms of variability (the
correlation coefficient for
IWP in Fig. 3¢ is 0.67), the
magnitude of differences
between retrieval methods
suggests uncertainties on
the order of a factor of 2,
which is in agreement with
other uncertainty estimates
based on comparisons with
aircraft in situ observa-
tions (e.g., Matrosov et al.
2002; Shupe et al. 2005).
Ice particle size retrieval
comparisons (Fig. 4d)
sometimes suffer from in-
consistencies in the way
each instrument observes
the particles. For example,
the AERI estimate of R _ is
substantially smaller than
the radar estimate, likely
because AERI retrievals
may treat individual ele-
ments of an ice crystal (i.e.,
individual bullets of a bullet
rosette) as distinct particles
(Turner 2005). The High
Spectral Resolution Lidar
(HSRL)-based size esti-
mate does not distinguish
between phase, and thus
falls between those sizes
estimated for the liquid and
ice particles.

Cloud liquid microphysics.
Vertical profiles of liquid
microphysical properties in

mixed-phase clouds are more difficult to character-
ize than ice properties because of limitations in the
manner in which different instruments observe the
cloud layer. Radar returns are typically dominated by
the larger ice crystals, lidar signals often occult near

AMERICAN METEOROLOGICAL SOCIETY

1.0 a) Radar Reflectivity dBZ

o
[

Height [km,AGL]
o~ocooOO~0

~c) Multisensor

oo s oo

0.6

AERI MWR,, b‘/\[WRslz

IWP [gm™] LWP [gm™®]

18 19 20 21 22 23 24
Time [hours, UTC]

Fic. 4. Measurements and retrievals for | Nov 2004 (a) radar reflectivity; (b)
lidar depolarization ratio; (c) phase classification derived from the multisensor
approach; (d) layer-mean liquid droplet effective radius from AERI, ice par-
ticle effective radius from AERI and radar, and a total cloud effective radius
from lidar; (e) liquid water path from AERI, microwave radiometer, and an
adiabatic assumption, and a total cloud condensed water path from lidar; (f)
ice water path from AERI and radar; and (g) optical depth of cloud liquid from
AERI and the adiabatic assumption, cloud ice from the AERI and radar, and
the total cloud from the lidar. In (a)-(c) the cloud liquid base and top heights,
from ceilometer and radar, respectively, are included. The adiabatic optical
depth assumes a droplet effective radius of 10 yum.

the base of the cloud liquid, and radiometric measure-
ments typically provide only layer-averaged informa-
tion. There are no robust, widely applicable methods
for deriving profiles of liquid droplet effective radius
(R,) and only limited possibilities for vertically re-
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solving the liquid water content (LWC). The best
generalized method for specifying the liquid water
profile is a scaled adiabatic LWC assumption, which
can be computed using temperature soundings and
cloud boundaries identified by radar and lidar (e.g.,
Zuidema et al. 2005; Illingworth et al. 2007). Because
the assumption of adiabatic conditions is not always
appropriate, the adiabatic LWC profile is constrained
by an independent measure of the LWP to provide a
more realistic profile (Fig. 2e).

A number of methods are available to derive LWP
(Figs. 3b and 4e). MWR measurements of atmospheric
emission near water absorption features in the range
of 23-31 GHz are exploited using either statistical or
physical iterative approaches (Liljegren et al. 2001;
Turner et al. 2007) and are best suited for optically
thicker clouds. In addition, differential optical ab-
sorption spectroscopy using near-IR measurements
provides the cloud LWP during daylight periods
(Daniel et al. 2006). For optically thin clouds, IR
atmospheric windows are not saturated and contain
useful information about cloud liquid properties.
AERI measurements in these windows are much
more sensitive to thin liquid water layers than the
MWR, yielding a more accurate LWP (Turner 2007).
Agreement among multiple methods for deriving
LWP suggests that this parameter can be obtained
with some confidence in thicker clouds. For example,
for optically thick clouds (Fig. 3b), standard devia-
tions and biases between the methods are no greater
than 35% and 8%, respectively, and correlation coef-
ficients are greater than 0.8. For thinner conditions,
the uncertainties associated with deriving LWP from
microwave measurements become much higher
than from AERI measurements. It is the increased
sensitivity of AERI measurements in optically thin
conditions that also allows for the only estimate of
liquid droplet size, in this case a layer-averaged R,
(Fig. 4d).

Another possible source of cloud liquid water
information is radar Doppler spectra. Recent studies
(e.g., Shupe et al. 2004; Verlinde et al. 2007; Luke and
Kollias 2007) have indicated that under some circum-
stances, signals from collocated liquid and ice can be
separated using Doppler spectra, providing profiles
of radar moments for each phase that are used in
subsequent microphysics retrievals (Fig. 5). However,
in order to accomplish widespread use of this method,
sophisticated spectral peak picking, peak separation,
and deconvolution methods must be developed.

The combination of both liquid and ice mass in-
formation provides an indication of the overall par-
titioning of condensed phases in mixed-phase clouds.
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As an example, the liquid fraction (LF), or the ratio
of liquid water path to total condensed (liquid plus
ice) water path, is given in Fig. 3d. Depending upon
which estimates of LWP and IWP are used, the liquid
fraction ranges widely; however, in this specific case,
there is general agreement on a decreasing trend in
time from strong liquid dominance at the beginning
to a near balance of liquid and ice mass by the end.

Cloud radiative properties. The extinction coefficient
(o) and optical depth (1) represent an important link-
age between clouds and their impact on atmospheric
radiation. HSRL observations yield a direct measure
of extinction in mixed-phase clouds up to the height
of full signal attenuation (7 ~ 4), although extinction
at any given level is not distinguished by phase. Ice
phase extinction can be derived from radar mea-
surements, under the assumption that the relatively
large ice crystals dominate the radar signal, using
assumed ice particle mass—area-size and density-size
relationships that relate radar reflectivity (propor-
tional to particle size to the sixth power) to extinction
(proportional to particle size to the second power;
Matrosov et al. 2003). As with liquid microphysi-
cal properties, robust methods to derive profiles of
liquid extinction through the full depth of optically
thick mixed-phase clouds are lacking. The current
best estimate for liquid water extinction is to use the
scaled adiabatic LWC (e.g., Fig. 2e) combined with an
assumed droplet effective radius. Example combined-
phase extinction profiles are given in Fig. 2f, which
reveal the considerable radiative dominance of cloud
liquid water over ice.

From a layer-integrated perspective, multiple op-
tical depth estimates are available (Figs. 3e and 4g)
in addition to the vertical integrals of the extinction
retrievals. Broadband SW irradiance measurements
provide an estimated effective layer optical depth
via an empirical expression that incorporates infor-
mation on sun angle, surface albedo, an equivalent
clear-sky SW irradiance, and an assumed asymmetry
parameter (Barnard and Long 2004). In this case, it
is assumed that all SW obscuration is solely due to
the cloud liquid. A near-IR retrieval of LWP, when
combined with an assumed liquid droplet radius, also
presents an estimate of liquid optical depth (Daniel
et al. 2006; Portman et al. 2001). Finally, AERI mea-
surements contain information on both liquid and
ice optical depths when radiances are unsaturated
(Turner 2005). As in the case of LWP, agreement
between methods for liquid optical depth in optically
thick clouds (Fig. 3e) is generally quite good, with
somewhat less agreement for thinner clouds (Fig. 4g).
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Fic. 5. Doppler radar spectrum
analysis at 1350 UTC 9 Oct 2004.
The Doppler spectrum is the dis-
tribution of returned radar power
as a function of the radial velocity
of the targets in the radar volume.
(a) A bimodal spectrum (solid)
found in mixed-phase conditions
near cloud top and a unimodal,
ice-only spectrum (dashed) found

below the liquid cloud base. The
ice spectrum has been decreased
in power to fit on the same scale
as the mixed-phase spectrum.
These spectra are horizontal slices
through the spectrograph in (b),
which shows contours of returned
power as a function of velocity and
altitude (redder colors indicate
higher power). A manually deter-

-20
Z, [dBZ]

—40
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V [m s™]
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mined line distinguishing the liquid
and ice phases has been included,
showing a base of the cloud liquid
that is in good agreement with the

cloud base identified by ceilometer measurements (horizontal dashed line). The location of the liquid spectral
peak can be used as a proxy for the vertical air motions since typical liquid cloud droplets are small enough to
trace the air motions. Radar velocity measurements are defined as positive toward the radar, or down in this
case. (c) Based on the distinction of phase contributions to the spectrograph, individual profiles of liquid and
ice reflectivity, which are the total power in each mode, are computed. Apart from the very cloud top, where
liquid exists without ice, the ice component strongly dominates the reflectivity. (d) Example profiles of liquid
and ice water contents derived from the distinct liquid and ice radar reflectivity profiles are shown. Although
the reflectivity is strongly dominated by the ice component (due to larger ice particle sizes), the cloud mass
is dominated by liquid water.

Liquid optical depths, shown here, as in many mixed-
phase clouds, are 1-2 orders of magnitude larger than
those for the ice component.

Cloud dynamical properties. In-cloud dynamics play a
key role in shaping the cloud microphysical composi-
tion and life cycle. Limited information on in-cloud
dynamics can be deduced from ground-based sensors.
Under conditions when liquid water is present, verti-
cal wind velocity (W) can be estimated from Doppler
radar spectra (Shupe et al. 2008b), based on the
assumption that small cloud liquid droplets (~10 ym)
act as tracers of vertical air motion. This vertical ve-
locity information, when coupled with Doppler radar
velocity measurements, yields cloud ice particle fall
speeds. Additionally, the temporal variance of radar
mean Doppler velocity provides information on the
turbulent dissipation rate (g, e.g., Bouniol et al. 2003;
O’Connor et al. 2005).

Examples of two-dimensional contour maps of re-
trieved dynamical properties are shown in Figs. 2g,h,
while a time series of vertically averaged vertical
winds is given in Fig. 3f. Vertical air motion occurs
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on many time/space scales, suggesting a variety of
scales of motion in action in these stratiform Arctic
mixed-phase clouds. Spectral analysis of time series
data reveals vertical wind variability that is related
to cloud-scale (hundreds of meters) up to mesoscale
(tens of kilometers) motion (Shupe et al. 2008a).

WHAT HAVE WE LEARNED? The preceding
summary details those mixed-phase cloud properties
for which some ground-based estimate is available.
While it is promising to have at least limited infor-
mation on this long list of properties, the accuracy
with which the retrievals perform varies greatly with
instrument and analysis method. Retrieval uncertain-
ties also depend upon the specific conditions and
structure of mixed-phase cloudiness. Thus, we make
no attempt here to provide definitive uncertainties on
any of these methods, but instead defer such matters
to the individual references for each method, which
also provide the conditions under which the methods
perform robustly.

In spite of retrieval uncertainties, there are a
number of conclusions that have been drawn from
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combinations of ground-based retrievals toward
understanding the fundamental composition of
mixed-phase clouds and the important processes re-
sponsible for their formation and maintenance. These
conclusions stand to both confirm and build upon
the existing understanding of mixed-phase clouds
that has been gained through in situ observations
and model analyses.

For example, ground-based observations at many
locations have shown supercooled liquid water to
occur in discrete layers that are often at the top of,
or embedded within, a layer of ice crystals (e.g., Platt
1977; Hogan et al. 2003a; Wang et al. 2004; Zuidema
et al. 2005). In single-layer clouds, profiles of ice
properties depict the growth of ice crystal size and
water content as the ice particles fall through the
liquid cloud layer, and the steady ice sublimation as
ice crystals fall below the cloud liquid (e.g., Shupe
et al. 2006, 2008a). Ice particle retrievals suggest
both high temporal variability in ice particle size and
concentration (Wang et al. 2004) and differences in
particle size and shape between ice-only and mixed-
phase clouds (Hogan et al. 2002; Turner 2005). In
some cases, observations show ice enhancement
resulting from rime-splintering processes associated
with liquid layers (Hogan et al. 2002). The riming of
liquid water onto ice particles is also indicated by
higher ice particle fall speeds than would typically be
observed for pristine ice crystals (Shupe et al. 2008a).
These observations reveal that ice crystal formation
and growth in mixed-phase clouds clearly occurs
through mechanisms that involve, or are supported
by, the presence of liquid water.

The existing measurements unequivocally reveal
the strong radiative dominance of cloud liquid over
ice in these cloud layers (Hogan et al. 2003a; Shupe
and Intrieri 2004; Turner 2005; Zuidema et al. 2005).
This dominance is primarily due to typical back-
ground concentrations of cloud condensation nuclei
and ice-forming nuclei (IN), which lead to liquid
droplets that occur in much higher concentrations
and therefore smaller sizes than ice crystals for a given
condensed mass. This radiative disparity highlights
the importance of properly describing and under-
standing the mechanisms behind cloud phase par-
titioning. Proper phase specification is particularly
relevant for computing radiative heating rate profiles
and for validating model simulations of cloud fields.
Observations have shown that the typical partitioning
of phase based on temperature alone is likely insuf-
ficient (Turner 2005; Shupe et al. 2006).

Recent work has addressed the linkages between
cloud microphysical and dynamical properties.
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Zuidema et al. (2005) observed optically and geo-
metrically thicker clouds under conditions of large-
scale lifting and thinner clouds under large-scale
subsidence, suggesting the influence of the synoptic
scale on local cloud structure. At smaller scales,
Shupe et al. (2008a) developed a conceptual model
detailing the cycle through which autumn Arctic
coastal mixed-phase stratocumulus gain and lose
condensate of each phase in response to cloud-scale
updrafts. This work revealed the coordinated growth
of both phases during shallow mesoscale updrafts,
as well as the importance of limited ice concentra-
tions and particle fallout to the maintenance of
liquid water. Hogan et al. (2002) also highlighted
the impact of narrow updrafts on the formation of
liquid water layers and ice particle concentrations
in frontal mixed-phase clouds. These dynamical-
microphysical linkages ultimately define the cloud
phase partitioning that specifies the cloud radiative
properties; these, in turn, feed back into driving the
cloud-scale circulations.

ADDRESSING THE DEFICIENCIES. There are
a number of mixed-phase cloud properties that are
clearly not well characterized using current ground-
based instruments and methods. These gaps in our
observational abilities often confound our under-
standing of important mixed-phase cloud processes
and continue to hinder cloud and atmosphere mod-
eling efforts. We identify the key deficiencies here
and offer a number of pathways toward advancing
the ground-based characterization of mixed-phase
clouds.

One of the most important failures of the current
methods, particularly when considered from the
cloud radiation perspective, concerns the full verti-
cal characterization of the cloud liquid component.
There are presently no widely applicable methods to
provide vertical profiles of liquid microphysics or
extinction, and under optically thick conditions there
is no robust, generally available estimate of even a
layer-averaged liquid droplet radius.

A more complete and robust characterization
of liquid water properties in mixed-phase clouds
might be addressed in a number of ways. Recent
investigations using cloud Doppler radar spectra
have suggested the possibility of characterizing the
liquid component (Shupe et al. 2004; Verlinde et al.
2007; Luke and Kollias 2007), but have been limited
to only a few cases. More sophisticated methods,
which consider a wider range of spectral features and
possibly spectral depolarization ratio, may expose
a broader application of Doppler spectra toward



characterizing the liquid phase. The addition of
permanent, robust HSRL measurements at the NSA,
and other sites, would aid in long-term mixed-phase
cloud observations. Combinations of near-IR and
visible radiance observations might also be further
exploited to derive liquid droplet size information
in mixed-phase clouds under daylight conditions
(Schofield et al. 2007). Finally, the incorporation of
higher-frequency microwave channels may improve
the accuracy of LWP retrievals for optically thin
conditions (e.g., Crewell and Lohnert 2003); however,
these higher frequencies have other issues that will
need to be investigated and addressed (e.g., scatter-
ing effects, temperature dependence of the dielectric
constants, etc.).

An additional and necessary step toward improved
microphysical characterization is to reinforce our
current retrievals through more extensive validation
using in situ observations and multimethod intercom-
parisons (e.g., Turner and Eloranta 2008). In the near
future there are opportunities to support this cause;
during the year of 2008 alone there are three aircraft
missions scheduled near Barrow, Alaska, and another
operated out of the Scandinavian Arctic. One focus of
these aircraft missions is validation of ground-based
observations and retrievals. In addition, a major effort
is under way within the ARM Program to compute
radiative heating rate profiles, which are intimately
tied to clouds and their properties. Radiative closure
experiments, wherein fluxes at the surface and top of
the atmosphere are computed from retrieved cloud
properties and compared to measurements, provide
a metric for cloud property retrieval accuracy (e.g.,
Turner 2007).

Additionally, little is known about the relationship
between aerosol properties and cloud microphysics,
phase partitioning, and life cycle. While observa-
tions of some near-surface aerosol properties are
available, the temporal evolution of aerosol that is
accessible by the cloud, either from below or above, is
infrequently measured. The combination of relatively
scant information on both liquid droplets and aerosol
properties in mixed-phase cloud conditions presents
a substantial challenge for understanding the aerosol
indirect effects on mixed-phase cloudiness.

Details regarding IN and the manner in which ice
forms and grows in mixed-phase conditions are un-
clear and inhibit a better understanding of the cloud
life cycle. IN play a key role in these clouds (Pinto
1998; Jiang et al. 2000; Prenni et al. 2007), yet there are
no ground-based remote-sensing methods, and few in
situ techniques, for measuring IN concentration and
type. It is of great interest to understand the temporal
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variability in IN in order to discern if temporal and
spatial patchiness of ice crystals is due to similar vari-
ability in IN concentrations or activation. Finally, the
ice crystal habit in mixed-phase clouds is also poorly
understood because of difficulties in distinguishing
crystal habit from ground-based observations, yet it is
an important assumption in many retrieval methods
and can strongly affect the relationship between ice
mass and radiative effects.

Questions regarding ice crystal habit and, by
association, the ice crystal growth regime, may be
addressed using scanning polarimetric radar and
possibly lidar in certain clouds. Short-term studies
have highlighted the ability to differentiate a variety
of pristine crystal habits as well as rimed particles,
aggregates, and graupel (e.g., Matrosov et al. 2001;
Reinking et al. 2002) using radar elevation scans.
Hogan et al. (2002) utilized differential reflectivity
from scanning radar to identify numerous pockets of
distinct particle phases within a frontal mixed-phase
cloud, allowing for a detailed description of rapid ice
formation. Additional focused measurements with
high-sensitivity scanning cloud radars are expected
to further advance our understanding of ice crystal
habit in mixed-phase clouds.

For some variables and processes, such as detailed
cloud-aerosol interactions, IN concentrations, and
cloud spatial variability, current ground-based
measurements are not, and may never be, sufficient.
Answers to these questions may require different ap-
proaches all together, such as from the perspectives of
in situ aircraft observations, satellite measurements,
and model analyses. For example, aircraft observa-
tions are better suited to make direct measurements
of aerosol and cloud properties and can capture a
quasi-instantaneous horizontal snapshot of a cloud
layer. Satellites provide a much-needed spatial, or
global, perspective that is not possible from indi-
vidual ground stations or aircraft campaigns. Models
offer a framework with which to test and examine
hypotheses in great detail. While unable to answer
all questions regarding mixed-phase clouds, ground-
based observations are able to provide instantaneous,
high-resolution profiles of many key properties, build
continuous long-term statistical data records, and
capture temporal variability at many scales. Clearly,
the synergy of these perspectives is needed to further
cultivate our understanding of mixed-phase clouds.
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